Purpose: To evaluate the influence of different post systems on the biomechanical behavior of teeth with a severe loss of remaining coronal structure. Materials and Methods: Fifty standardized bovine teeth (n = 10 per group) were restored with: cast post-and-core (CPC), prefabricated metallic post (PFM), parallel glass-fiber post (P-FP), conical glass-fiber post (C-FP), or composite core (no post, CC). The survival rate during thermomechanical challenging (TC), the fracture strength (FS), and failure patterns (FP) were evaluated. Finite element models evaluated the stress distribution after the application of 100 N. Results: All specimens survived TC. Similar FS was observed among post-containing groups. Groups P-FP and CC presented 100% repairable fractures. The von Mises analysis showed the maximum stresses into the root canal in groups restored with metallic posts. Glass-fiber posts and CC presented the maximum stresses at the load contact point. Glass-fiber groups showed lower stresses in the analysis of maximal contact pressure; CPC led to the highest values of contact pressure. The modified von Mises (mvM) stress in dentin did not show differences among groups. Moreover, mvM values did not reach the dentin fracture limit for any group. Conclusions: The type of intracanal post had a relevant influence on the biomechanical behavior of teeth with little remaining coronal structure.
Several treatment options are available for endodontically treated teeth, representing a daily challenge in clinical practice. A post may be needed when restoring a tooth with extensive loss of coronal structure. Some conditions such as remaining coronal structure and functional requirements are traditionally considered to define whether a tooth needs a post. 1, 2 The post hole provides retention of the core build-up material and dissipates occlusal stresses along the remaining support tissue; however, it has been demonstrated that posts do not strengthen the remaining tooth structure. 3, 4 The long-term success of endodontically treated teeth restored with intracanal posts has been directly associated with the amount of remaining coronal structure present. The literature suggests that at least 1.5 to 2 mm of "ferrule effect" would significantly strengthen the restoration. 2, 4, 5 Post material and configuration are other important factors to consider for the longevity of restoration. The cast post-and-core was considered the standard for many years; however, demands for simpler procedures and esthetic restorations led to the development of prefabricated posts, initially made of metal and more recently fiber-reinforced. 1, 2 The prefabricated posts have some variation considering their configuration. Root-shaped posts that ensure higher resistance and more accurate adaptation to the root canal have replaced the parallel glass-fiber posts introduced initially.
Differences were observed in the biomechanical behavior of teeth restored with posts of different materials and designs when teeth with no remaining coronal structure were evaluated. 6 However, the literature suggests that teeth restored with posts behave better when a minimum remaining coronal structure of 1.5 to 2 mm is present. 2, 5 Some studies also suggest that the use of a post would be unnecessary when remaining coronal structure is present. 4, 7 Therefore, there is no consensus on the e350 survival of teeth restored with posts (or the absence of post) considering different materials and configurations when ferrule effect is present. There is also controversy whether posts with higher elastic modulus and better juxtaposition would improve the behavior of the tooth-post-crown conjunct when associated with ferrule. The aim of this study was to assess the biomechanical behavior of teeth with little remaining coronal structure restored with different post/core systems. The null hypothesis was that all tested groups behave similarly.
Materials and methods

Laboratorial analysis
Fifty bovine incisors with standard dimensions (6 to 6.5 mm mesiodistally and 7 to 8 mm buccolingually) were selected. 8 Roots were separated from the crowns with double-faced diamonds discs (KG Sorensen, Barueri, Brazil) keeping a root length of 15 mm. Endodontic treatment was performed as described previously. 6 The root surface was lined with a 0.6-mm foil (Adapta foil; BEGO, Bremen, Germany) and the specimens were included in a polystyrene resin (Cristal; Piracicaba, São Paulo, Brazil) leaving 4 mm of the cervical root portion nonsubmerged. Teeth were removed previous to the resin final polymerization, the resin cavity created was filled with elastomer (Impregum Soft; 3M ESPE, St. Paul, MN), and the teeth were repositioned to simulate the periodontal ligament (PDL) with a thickness of approximately 60 μm. 9 Specimens were stored in distilled water (37°C) for the duration of the experiment.
Teeth were distributed in groups to receive one of the following post systems (Fig 1) : CPC -Cast post-and-core (copperaluminum alloy [Cu-Al]); P-FP -Parallel glass-fiber post (Number 3, Reforpost glass-fiber; Angelus, Londrina, Brazil); C-FP -Conical glass-fiber post (Number 3, Exacto; Angelus); PFM -Prefabricated metallic post (stainless steel) (Number 4, Reforpost metallic I; Angelus); CC -Composite core only, no post. The root canals in groups that received posts were prepared with a reamer (Ø1.1-mm, Peeso #3; Dentsply Maillefer; Ballaigues, Switzerland) up to 10 mm in length from the cervical margin. Groups restored with CC were prepared up to 3-mm into the root canal. Low-shrinkage poly(methylmethacrylate) (PMMA, Duralay; Reliance Dental Mfg. Co., Worth, IL) and prefabricated pins (Pin Jet; Angelus) were used to build matrices for CPCs. All cast post-and-cores were obtained in copperaluminum alloy (Durabond, São Paulo, Brazil) by the lost-wax technique.
The P-FP and PFM were relined with resin composite (Filtek Z350; 3M ESPE). To improve the bond strength, the surfaces of glass-fiber posts were silanated (Silano; Angelus), treated with a layer of hydrophobic adhesive (Adper Scotchbond; 3M ESPE), and light activated for 20 seconds. PFM and CPC were treated with metallic primer (MZ Primer; Angelus). A self-adhesive resin cement (RelyX U200; 3M ESPE) was used according to the manufacturer's instruction as a post-luting agent. For groups restored with prefabricated posts or CC, the remaining coronal structure received the application of an etch-and-rinse adhesive (Adper Scotchbond), and composite cores (Z350; 3M ESPE) were built.
Diamond burs (#3216; KG Sorensen, Barueri, São Paulo, Brazil) were used in a high-speed handpiece with water spray (Super Torque 625 Autofix; KaVo do Brazil Ind, Com, Ltd, Joinville, Brazil) to prepare the 2 mm of remaining coronal structure and the composite core. Matrices of copings made of PMMA (Duralay) were constructed and cast in nickelchromium alloy (Durabond) by the lost-wax technique. The copings were bonded to the cores with self-adhesive resin cement (RelyX U200; 3M ESPE).
All specimens were submitted to thermomechanical aging-10,000 thermal cycles with temperatures between 5 and 55°C followed by 200,000 mechanical cycles at 100 N load and 4 Hz frequency. The fracture strength was evaluated after 24 hours in a universal testing machine (Instron 1144; Instron Corp., Canton, MA). The load was applied at a 135°angle to the root long axis with a crosshead speed of 0.5 mm/min.
A 4x binocular loupe (Bio-Art Equipamentos Odontologicos Ltda; São Carlos, Brazil) was used for the failure pattern analysis. Fractures were classified as follows: type 1: fracture in the ferrule or in the composite core; type 2: fracture reaching up to the cervical third of the root; type 3: fracture up to the middle third of the root; or type 4: fracture up to the apical third of the root. Fracture types 1 and 2 were considered as repairable; those fractures classified as types 3 and 4 were defined as irreparable.
Statistical analysis
One-way ANOVA was used to compare the fracture strength among the five groups. Multiple comparisons by Tukey's test determined which groups were statistically different from the others. The confidence level adopted was 95%.
Finite element analysis (FEA)
CAD software (Rhinoceros 3D, Seattle, WA) was used to create 3D models based on the micro-computed tomography (μCT) (SkyScan 1174v2; Bruker microCT, Kontich, Belgium) of one tooth used in the study. The polystyrene resin (simulating cancellous bone) and the elastomer (as PDL) were modeled. The post-core conditions were built to simulate the specimens adopted in the experimental study.
After the models were exported to FEA software (ANSYS Workbench 11; Ansys Inc, Pittsburgh, PA) elements were characterized as tetrahedral with 10 nodes. Convergence tests were made until reaching 6% so the mesh would not influence the results. The mesh generation resulted in about 700,000 elements and 1,000,000 nodes per model.
All material properties are listed in Table 1 . Tooth structures and materials were considered elastic, isotropic, linear, and homogeneous, except the orthotropic glass-fiber posts (Table 1 ). A total load of 100 N was applied under the lingual cingulum at 135 o to the long axis of the tooth. Model movements were restricted in all directions at the base nodes of the polystyrene resin base.
The stress distribution along the entire system was assessed with von Mises stresses. The modified von Mises failure criterion (mvM) was used to evaluate the possibility of dentin failure under complex stress conditions. 18 According to the criterion, a brittle material will fail when the values of the equivalent Figure 1 Configuration of the post systems adopted in the study. stresses exceed its tensile strength. The contact pressure at the post/core-luting cement/dentin interface was calculated.
Results
Laboratory experiment
All groups presented 100% survival rates after thermomechanical cycles. The four groups containing posts presented statistically similar fracture strength among them (Table 2) ; however, CC had significantly lower fracture strength values than CPC (p = 0.001), C-FP (p = 0.003), and PFM (p = 0.002). The fracture pattern analysis (Table 3) showed a predominance of repairable fractures for groups P-FP (100%), CC (100%), and C-FP (60%). PFM had 50% irreparable fractures. CPC was the only group to present a predominance of irreparable fractures (60%).
Finite element analysis
The von Mises analysis did not show relevant differences in the maximum stress values among groups (Fig 2) . The location of maximum stress in metallic posts was into the root canal. For fiber posts and CC, the maximum stress was in the load contact point.
The modified von Mises (mvM) analysis in dentin has shown similar stress values among groups. The maximum mvM values observed in the study (20.9-23.5 MPa) did not reach the maximum tensile strength of dentin presented in the literature (44.4-97.7 MPa), 19 which was used to predict the dentin risk of failure. Maximum stresses were concentrated at the root cervical third for all groups (Fig 3) . The contact pressure was relatively lower in teeth restored with glass-fiber posts (P-FP, C-FP). CPC led to the highest values of contact pressure, followed by CC. The location of maximum pressure was observed at the core/dentin interface in all groups, and along the post/canal interface in post-containing groups (Fig 4) .
Discussion
Differences were observed in the biomechanical behavior of teeth restored with the post systems adopted in the study. Therefore, the null hypothesis was rejected. The fracture strength in prefabricated glass-fiber and metallic posts was similar to the cast post-and-cores (CPC). CPCs are traditionally made of alloys with a much higher elastic modulus than that of dentin and are responsible for withstanding high fracture loads before fracture. 7, [20] [21] [22] [23] [24] Moreover, CPC is made in perfect juxtaposition with the tooth structure, minimizing the cement layer thickness, which is also responsible for providing a high fracture load. 24, 25 However, the placement of prefabricated posts also provides some benefits that might help explain the similarity in the fracture strength among groups. For example, a specific reamer for canal preparation, which has the same post shape and thickness, provides accurate adaptation of C-FP. P-FP and PFM have been relined with composite resin directly into the root canal, ensuring juxtaposition. A thin resin cement layer has been pointed to as important for providing the frictional retention of the post. [25] [26] [27] The other main reason for the similarity in fracture strength among post-containing groups is the ferrule effect. 2, 5 Although the use of a prefabricated post and composite core was supposed to be less resistant than CPC, this study showed that the core reinforcement given by the intracanal post is enough to provide similar fracture strength when 2 mm of remaining coronal structure is present. The ferrule effect means that axial parallel dentin walls provide a protective effect, reducing the stress in the core structure and better distributing the stress along the tooth structure after being encircled by the crown. 2, 28 Ferrule presence has been considered important to better distribute the stresses along the system, irrespective of the post type used.
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Ferrule effect principles help also to explain the similarity in modified von Mises stress in dentin among groups. This can also be supported by the results of a previous evaluation where the same post systems adopted in the present study were evaluated in teeth without remaining coronal structure. Different behavior was observed among groups containing posts, as CPC had the highest fracture strength and was similar only to C-FP. Therefore, when ferrule was absent, wider posts with a conical shape provided higher fracture strength. 6 It is important to note that the fracture strength values observed in post-containing groups (between 432.9 and 340.4 N) were higher than the mean value of maximum bite force reported in the literature (284.9 N for men and 304.9 N for women). 29 Besides the lower fracture strength of CC than in most post-containing groups, the mean fracture strength of CC was 274.2 N, which is lower than the mean bite force presented above. Therefore, the use of a post should be considered in clinical practice to provide adequate core retention in conditions similar to those evaluated in the study.
The failure pattern analysis has shown a majority of repairable fractures for CC and for the groups restored with glass-fiber posts. CPC was the only group to display mostly irreparable fractures. It is expected that the composite core will be more prone to failure when compared to CPC, fracturing in most cases before to the root dentin; however, the highly resistant CPC is more likely to fracture dentin before its bulk failure. 27 The maximum contact pressure observed in FEA gives some prediction of failure pattern observed in the laboratory analysis (Fig 4) . CPC led to the highest contact pressure at the post/cement/dentin interface, possibly attributed to its higher elastic modulus. 13, 27, 30 Moreover, studies have shown that when loaded, metallic posts provide slow crack growth and successive adhesive failure of the post/cement/dentin interface. After Figure 3 Modified von Mises stress in dentin. The stress in all groups was in the root cervical third and did not differ among groups. All stress values were below the dentin tensile strength. loose adhesion, higher energy is transferred to the tooth structure, causing the fracture. 13, 27 Prefabricated posts led to a much lower contact pressure, especially when glass-fiber posts were used. This is explained by the fact that glass-fiber posts have flexural behavior similar to that of dentin, which minimizes the stresses in the tooth structure and at the post/dentin interface.
The higher contact pressure observed in CC when compared to the prefabricated posts might be attributed to the smaller contact area with dentin (pressure = force/area). Therefore, for CC, the stresses are concentrated only at the core/dentin interface, whereas groups of prefabricated posts dissipate stress along the root canal.
FEA was used to observe the stress distribution during the application of a standard load of 100 N. The von Mises analysis (Fig 2) along the system has shown similar stress values; however, the fact that metallic posts presented the maximum stress concentration into the middle third of the root canal helps to explain the failure pattern provided by CPC (60% irreparable) and PFM (50% irreparable). 11, 30 The stress distribution in dentin was assessed by modified von Mises analyses. The stress values and location did not present relevant differences among groups (Fig 3) . These results might be used to explain why the survival rate (100%) did not differ among the groups during thermomechanical aging at 100 N load. The mvM used to predict dentin failure has shown equivalent stresses between 23.5 and 20.9 MPa, values much lower than the dentin tensile strength (44.4 to 97.7 MPa). 19 This suggests that stresses generated by all post systems are not able to cause dentin fracture during function with a standard load.
As a limitation of this study, the type of failure and the fracture strength after aging observed in vitro might have some variation in the clinical scenario because forces of different directions might be present. Still, from a clinical point of view, the use of glass fiber posts can be considered an alternative to the metallic posts when restoring teeth with at least 2 mm of remaining coronal structure because fiber posts provided similar fracture strength and more repairable fractures. Since this laboratory and in silico analysis showed promising results with the use of glass-fiber post in teeth with reduced remaining coronal structure, clinical evaluations should be emphasized to confirm the evidence here presented.
